Abstract. The characterization of the BPDA/PDA polyimide (PI) at high temperature up to 400
Introduction
Polymers are the most used insulating materials in electrical and electronic engineering industries due to their excellent thermal, electrical, and mechanical properties related to an easy processability [1] . The knowledge of their electrical properties appears as very important today due to the currently increasing demand for high temperature power electronic applications (>200
• C) [2] [3] [4] [5] . Nevertheless, little is known about the electrical properties of the thermo-stable polymers above 200
• C. The electrical properties of dielectric materials are usually studied through metal-insulator-metal structures (MIMS), using dc current conduction experiments and dielectric relaxation spectroscopy (DRS) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, although DRS can be a powerful and fast tool for measuring the electrical conductivity of the dielectric materials versus temperature [18] [19] [20] [21] [22] [23] [24] [25] , very few works are dedicated to this measurement technique above 200
• C [26] . Indeed, dc conductivity can be measured through the Ohmic conduction phenomenon occurring at low frequency and/or at high temperature (LF/HT) [27] . However, the high temperature dielectric spectra of MIMS are often modified by interfacial relaxations such as electrode polarization (EP) due to the relaxation of thin space-charge capacitor layers built up in the vicinity of the bulk-electrode a e-mail: sombel.diaham@laplace.univ-tlse.fr interfaces [28] . So, EP adds an extrinsic component to the intrinsic bulk properties, and makes the quantification of the dc conductivity difficult. The use of physico-analytic models is therefore required to extract the intrinsic electrical properties from the effective dielectric response of MIMS [29] [30] [31] [32] [33] [34] [35] .
The aim of this paper is to show that DRS can be an efficient technique to determine high temperature dc conductivity when it is coupled to a physico-analytic modeling of the experimental data. As an illustration, dielectric measurements have been performed up to 400
• C on MIMS using a polyimide (PI) inter-electrode insulating layer in an extended frequency range down to 10 −1 Hz completing our previous work [26] .
Experimental part
The biphenyltetracarboxylic dianhydride acid p-phenylene diamine (BPDA/PDA) polyimide (PI) has a glass transition temperature above 350
• C and appears as one of the more thermo-stable polymers. This material has been chosen here in order to provide an experimental illustration of EP and dc conductivity characterization problem. Dielectric properties have been investigated using MIMS with 2 μm-thick PI films. The material is spin-coated from a viscous solution on a polished and cleaned golden stainless
Article published by EDP Sciences
The European Physical Journal Applied Physics steel substrate, before being cured at 400
• C for 1 h under a nitrogen atmosphere in order to remove residual solvent and to complete the PI chemical reaction. Gold (Au) circular upper electrodes of 5 mm diameter were evaporated under vacuum onto the PI surface in order to achieve the Au-PI-Au MIMS. The infra-red (FTIR) spectra of PI (not given here) have shown good chemical formation of the imide rings in the macromolecular structure.
The dielectric properties in PI have been investigated by DRS in the frequency and temperature ranges from 10 −1 to 10 6 Hz and from 100 to 400
• C, respectively thanks to the capacitance (C P ) and the loss factor (tan δ) measurements under an ac sinusoidal applied voltage of 500 mV rms [36] . The measurements have been plotted according to the complex permittivity formalism (ε * = ε − jε , where ε and ε are respectively the real and imaginary parts of the complex permittivity). At LF/HT, the dipolar dielectric response has been intensively described by Jonscher in his "universal" response approach and follows the fractional power-law given by [37, 38] :
where ω is the pulsation and n is the exponent of the power-law (0 ≤ n ≤ 1). The so-called ac conductivity σ ac in dielectric materials expressed in the frequency domain may be given by [39] :
where ε 0 is the vacuum permittivity (ε 0 = 8.854 × 10 −12 F m −1 ). Moreover, the dielectric loss factor tan δ(tan δ = ε /ε ) is exploited as well because it allows a shift of the different relaxation peaks towards higher frequencies, which are no longer coupled to the conduction component [35] .
These measurements have been performed using both a Novocontrol Alpha-A analyzer (f = 10 −1 to 4 × 10 5 Hz, T = 100 to 300
• C ± 0.1 • C under N 2 atmosphere) with a ZGS active sample cell and an HP 4194A LCR meter (f = 10 2 to 10 6 Hz) coupled with a Signatone S-1060R probe station and a heating chuck system (T = 300 to 400
• C ± 1
• C in air). Prior to the measurements, the sample is dried for a few minutes at 100
• C to remove moisture from the PI films. The dielectric properties were recorded with a temperature step of 10
• C with a 5
• C min −1 heating slope between two consecutive steps. The results presented in the following sections are independent of the heating or cooling measurement runs. Figure 1 shows the dielectric response of PI versus temperature up to 300
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DRS temperature and frequency dependences in PI MIMS
• C for different isochronal curves from 10 −1 to 10 5 Hz. Three relaxation processes (RPs) are observed. The first one (1st RP) appears around 100
• C
Fig. 1. (Color online)
Temperature dependence of (a) the real part ε , (b) imaginary part ε of the complex permittivity ε * , and (c) the loss factor tan δ in polyimide MIMS from 100 to 300
• C and for constant frequencies between 10 −1 and 10 5 Hz.
and shifts toward higher temperature with increasing frequency. It is characterized by both a small change in the dielectric strength Δε < 0.30 (cf. Fig. 1a ) and the occurrence of a dielectric loss peak of low magnitude (cf.
Figs. 1b and 1c). It is related to the α-relaxation or MWS process, known to be present in PI below 200
• C, and which corresponds according to the literature to a bulk space-charge relaxation [26, [40] [41] [42] . When decreasing the frequency, the α-relaxation shifts towards lower temperatures and the lowest frequency polarization phenomena appear. The two other polarization phenomena (2nd and 3rd RP) also appear through a drop in the real part ε of the complex permittivity. Indeed, large changes in the dielectric strength Δε are observed (up to 19, as shown in Fig. 1a ). They are related to two high dielectric losses peaks (tan δ > 1). Such high values of Δε cannot be explained by the PI intrinsic dipolar relaxations. For the latter for instance, the polarization process at a high concentration of dipoles of 10 22 cm −3 whose dipole moments would be of 2 Debyes (which is a huge value) would only induce a permittivity increase about 7 [43] . These two RPs are therefore assumed to be due to electrode polarization (EP) phenomena appearing in MIMS as a result of the motions of mobile charge carriers under the influence of the dc conduction phenomenon. Figure 2 shows the dielectric spectra of PI MIMS versus frequency where it is possible to observe the frequency changes of the three RPs in the temperature range between 200 and 400
• C. The α-relaxation appears here from 10 kHz to 1 MHz for temperatures between 200 and 320
• C and shifts towards a higher frequency with increasing the temperature. The other two RPs, referred here as the ρ-and the ρ * -relaxations, corresponding to the EP phenomena appear above 200
• C and over the entire frequency range investigated. Such RPs have never been observed previously by DRS due to the usual temperature range of characterization of PI below 250
• C. Last, the 1/f dependence of ε and tan δ at a low frequency starting from 200
• C and their continuous shift towards higher frequencies with increasing temperature (cf. Figs. 2b and 2c) are observed.
From a theoretical point of view, at low fields and in a broadband frequency and/or a wide temperature range of investigation, several dielectric processes have been identified to govern the dielectric response of polar dielectric materials [44] . Among them, the interfacial processes such as the Maxwell-Wagner-Sillars (MWS) relaxation or the EP mainly control the LF/HT dielectric response. The pure dc conduction being characterized by a plateau (i.e. an invariance) at a low frequency, it is usual to express the relation between the ac conductivity and the dc conductivity as follows [37, 38] :
where σ dc is the dc conductivity, K is a temperaturedependent parameter, and n is the exponent of the powerlaw (close to 1). The frequency-dependent term corresponds to the different bulk dipolar relaxations that have no influence on σ dc at a low frequency. Figure 3 shows the frequency dependence of σ ac , for isothermal curves between 100 and 400
• C. σ ac changes linearly versus frequency exhibiting a slope close to unity (0.98 ≤ n ≤ 1), and remains quasi frequency-independent at lower frequencies. Such a behavior demonstrates the thermally activated character of the dc bulk conductivity [21, 45] . Last, for temperatures above 200
• C and at a low frequency, a slight decrease in σ ac appears for fre- quencies below the plateau region. This decrease is probably due to the EP occurrence as a result of the motions of mobile charges over macroscopic distances in PI. The non constant part of the σ ac spectrum at LF/HT shifts towards higher frequencies with increasing the temperature, leading to an increase in the charge carrier mobility. The EP therefore tends to be superimposed on the dc bulk conductivity σ dc [21] [22] [23] [24] .
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EP behavior and dc conductivity extraction
The different relaxation processes (i.e. dipolar and spacecharge) appearing in the dielectric responses can be taken into account using the empirical Havriliak-Negami (H−N) model [46, 47] , which is a combination of the Cole-Cole symmetric function and of the Cole-Davidson asymmetric one [48, 49] . For several relaxation processes, the H−N equation associated with a conduction term is given by [50, 51] :
where Δε = ε S (ω = 0) − ε ∞ (ω = ∞) is the dielectric strength, τ is the mean relaxation time, and (α HN ) i and (β HN ) i are the empirical shape parameters related respectively to the symmetric and asymmetric broadening of the relaxation time distribution function (0 < (α HN ) i ≤ 1 and 0 < (β HN ) i ≤ 1). The index i represents the different relaxations involved (usually between 1 and 3), and s is the empirical exponent close to unity characterizing the ohmic conduction σ dc . Space charge presents a frequencydependence close to a near-Debye behavior, qualitatively similar to the dipolar relaxation, allows the description of EP thanks to the H−N function [32, 34] . Considering the PI MIMS results given above, equation (4) is used for the data processing where i = 1, 2, and 3 represent respectively the α-, ρ-, and ρ * -relaxations and s is the empirical exponent close to unity for the Ohmic conduction. The fitting procedure consists in a first step of an EP quantification, then the EP is subtracted from the effective dielectric response, and last, the dc conductivity σ dc in PI is quantified accurately in the temperature range investigated. The computing procedure is based on the Levenberg-Marquardt method. Several program runs (of more than hundred iterations for each fitting run) were performed for each procedure, yielding to identical results (i.e. correlation coefficient 0.98 ≤ r 2 ≤ 1). • C), separating the influence of each of the three relaxation processes and of the conduction phenomenon. From 200 to 300
• C, the dielectric response in PI MIMS is the sum of the α-, the ρ-, the ρ * -relaxations, and the conduction σ dc , whereas above 300
• C, it is only composed of the ρ-, the ρ * -relaxations, and σ dc . According to the values of the shape parameters, the α-relaxation exhibits a broad distribution of its relaxation time. Its symmetric shape parameter (α HN ) 1 varies from 0.17 to 0.11 between 200 and 300
• C whereas the asymmetric one (β HN ) 1 remains equal to 1. This Cole-Cole behavior is in good agreement with typical changes in the distribution of the relaxation times found in the literature for organic materials [12, 52, 53] . On the contrary, the (α HN ) 2 /(β HN ) 2 and (α HN ) 3 /(β HN ) 3 parameters of the respective ρ-and ρ * -relaxations corresponding to the EP have confirmed the near-Debye behavior (with high values of the shape parameters between 0.81 and 1). Such a result is in close agreement with the typical dielectric behavior of a space charge at the bulk-electrode interfaces of MIMS relaxing with a unique relaxation time. According to the Coelho model describing analytically the dielectric behaviour of EP [28, 54] , a value of Δε of 20 at LF/HT in MIMS are the consequence of the formation of a capacitance layer in the vicinity of each electrode with a Debye length (L D , i.e. the space-charge layer thickness) of around 5% of the total insulating thickness. In the present PI MIMS case, L D of the space-charge layer is evaluated around 100 nm for a 2 μm-thick PI film. Few data of L D are available in the literature; however, let's note the results reported by Adamec and Calderwood on both epoxy resin and PI films [29] . In their work, they have evaluated (using another physico-analytic model) the space-charge thickness as close to 2.4% for a 500 μm-thick epoxy film in the range from 150 to 209
• C, and between 2.8 and 38% for a 25 μm-thick PI film from 111 to 200
• C. Our results appear so as consistent with these orders of magnitude.
The frequency dependence of the dielectric losses induced by the ρ-and ρ * -relaxations may be obtained through the H−N model thanks to a multi-parameters numerical model. Unlike the α-relaxation, the magnitudes of the dielectric loss factor given by this model are nearly independent of the temperature, with values around 0. • C [21, 24] . Figure 5 presents the temperature dependence of the mean relaxation times τ 2 (ρ-relaxation) and τ 3 (ρ * -relaxation). These two RPs exhibit an Arrhenius-like behavior following the equation: [19, 21] .
Discussion
The relevance of the proposed method for the σ dc extraction is illustrated in Figure 6 which compares the values obtained from the plateau region of σ ac measurements (i.e. extracted from Fig. 3 , ignoring EP effect but taking into account an error bar) and those extracted from H−N fits
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The European Physical Journal Applied Physics (i.e. taking into account the EP influence). When the σ dc and EP contribution occur in frequency ranges largely different, the measured and the calculated σ dc values are almost identical (cf. Fig. 6a ). On the contrary, Figure 6b demonstrates that the modeling becomes useful in the situations (i.e. temperature and frequency ranges) where the magnitude of the EP dielectric properties becomes no more negligible compared to the σ dc response as may be seen at 100 Hz even above 350
• C in the BPDA/PDA case reported here. It is important to note the asymmetrical error distribution around the mean value of each experimental result which depends on both the frequency and the temperature: the largest value being obtained for the lowest temperature and/or the highest frequency.
Thanks to the proposed approach, the intrinsic dc bulk conductivity of dielectrics can be obtained accurately across a wide temperature range for relatively short time of measurements, i.e. a few seconds at a given temperature, thus leading to minimize the risk of premature ageing or degradation (oxidation, thermolysis) of the material during the measurements, which usually occur in most polymers in the high temperature range. This represents one of the greatest advantages of the DRS experiments coupled to the data processing method for investigating the electrical properties of insulating materials at high temperatures.
Finally, the H−N fitting procedure allows observing that the PI conductivity follows the Arrhenius law given by [12] :
where σ 0 is the conductivity at an infinite temperature. The activation energy E a of the conduction phenomenon obtained through the linear fit using equation (6) • C, such as for polypyromellitimide films [55] [56] [57] , and usually resulting from the conduction current experiments under static polarization. Such conductivity values indicate the semiinsulating character of the PI materials in such a wide temperature range close to the glass transition temperature. Indeed, it is supposed that both the thermal activation of the charge mobility lead to an increase of the ionic bulk conductivity (i.e. hopping charge transport), and to the decrease in the interface potential barriers with increasing temperature leading to an increase in the density of injected electrons (i.e. Schottky phenomenon).
Conclusion
The proposed analytic method for experimental data processing in MIM capacitor structures (MIMS) measured by dielectric relaxation spectroscopy (DRS) allows the quantification of the intrinsic dc bulk conductivity σ dc in dielectrics without being impacted on by interface polarizations at LF/HT. Moreover, this method appears as a powerful alternative to much more time-consuming conduction current experiments. As an illustration of the method, a thermo-stable polyimide (PI) which is potentially interesting as an insulator in high temperature power electronics systems, has been characterized, being used as the inter-electrode dielectric material of MIMS. The method allowed the discrimination and quantification of the electrode polarization (EP) phenomenon occurring in MIMS at LF/HT, due to the build-up of a macroscopic space charge at the electrode interfaces. The dc bulk conductivity σ dc in PI could then be quantified accurately in the high temperature range from 300 to 400
• C that was never reported before. It is shown that σ dc of PI presents increasing values from 4 × 10 −11 to 8 × 10
for temperature between 200 and 400 • C. In the range from 200 to 250
• C, this material shows a similar behavior to those usually reported in the literature for polypyromellitimide films but obtained using the time consuming static polarization method. So, the proposed method appears as powerful and useful to study the dielectric material intrinsic properties at high temperature.
